a Background: Despite successfully suppressed viremia by treatment, patients with high levels of biomarkers of coagulation/inflammation are at an increased risk of developing non-AIDS defining serious illnesses such as cardiovascular diseases. Thus, there is a relationship between persistent immune activation and coagulation/inflammation, although the mechanisms are poorly understood. Platelets play an important role in this process. Although interactions between platelets and elements of the innate immune system, such as monocytes, are well described, little is known about the interaction between platelets and the adaptive immune system.
Introduction
Immune activation plays an important role in the pathogenesis of HIV infection. Although the introduction of antiretroviral therapy has improved the life expectancy of HIV-infected individuals, an increasing body of data has clearly demonstrated that, despite 'undetectable' HIV-RNA plasma levels (generally <50 copies/ml) following initiation of therapy, there remains evidence of persistent immune activation, albeit at a lower level. The evidence of higher levels of immune activation in patients with HIV infection and suppressed viremia has been characterized as increased proliferation of CD4 þ and CD8 þ T cells, increased expression of Tcell activation markers such as PD1, HLADR þ
CD38
þ , and a reduced CD4 þ /CD8 þ ratio [1] [2] [3] [4] [5] . The clinical significance of this persistent immune activation is strongly suggested by the increased risk of all-cause mortality associated with elevated levels of soluble markers of inflammation/monocyte activation [interleukin (IL)-6, sCD14] and coagulation (D-dimer, a fibrin degradation product). Patients with higher levels of these biomarkers are at an increased risk of hepatic, metabolic, renal and cardiovascular morbidity despite HIV RNA levels less than 50 copies/ml [6] [7] [8] [9] . Taken together, these serious non-AIDS defining illnesses are the leading cause of mortality/morbidity in patients with HIV infection, today. The HIVepidemic presents new challenges that are reflected in an accelerated course of chronic illnesses.
Pathophysiological conditions involving tissue injury by trauma or infection lead to activation of the coagulation cascade in association with an inflammatory response as part of the innate host response to insult. Platelets play a critical role in this process linking haemostasis, coagulation and tissue repair and as an immediate nonspecific host response to pathogens. In some settings, this activation of the coagulation cascade may contribute to disease by perpetuating an inflammatory response [10] .
In the context of HIV infection, viral replication and higher levels of immune activation lead to activation of the coagulation cascade resulting in higher levels of certain markers of coagulation/inflammation such as D-dimer, IL-6 and sCD14 [6, 7] . Increased tissue factor expression on monocytes and increased proportion of CD8 þ T cells expressing the thrombin receptor [protease activated receptor-1 (PAR1)] have been reported in HIV-infected patients [11, 12] . CD8 þ T-cell activation has been shown to be enhanced by thrombin [12] . These observations suggest an important link between immune activation, coagulation and inflammation during chronic HIV infection.
Recently, several groups have reported that there is an increased platelet activation in patients with HIV infection [13] [14] [15] . Platelets play an important role in the early response to pathogens. Upon activation, they accumulate at the site of injury and secrete pro-inflammatory and anti-inflammatory mediators that are prestored in specialized granules. In addition, platelets and leukocytes (neutrophils, monocytes and T cells) can be observed to form conjugates in peripheral blood [16] [17] [18] [19] . Increased platelet-monocyte complexes have been observed during inflammatory conditions such as cardiovascular disease, type 1 diabetes, rheumatoid arthritis, systemic lupus erythematosus and end-stage renal disease [20] [21] [22] [23] [24] . Platelet-CD4 þ T-cell conjugates have been observed in the peripheral blood of patients with rheumatoid arthritis suggesting that platelets maybe involved in regulating T-cell function [18] . There is evidence of an association between platelet activation and hypercoagulability in HIV/simian immunodeficiency virus (SIV) infection. Reports in SIV-infected Pig-tailed Macaques have shown platelet-monocyte complexes formation in this model [25, 26] . In patients with HIV infection, platelet activation and platelet microparticles formation (PMPs) have been observed [15] .
Platelets and PMP express P-selectin (CD62P) upon activation. Platelets are a major source of P-selectin in circulation (endothelial cells also express CD62P after activation). CD62P is a key selectin that mediates the recruitment of leukocytes into peripheral tissues by facilitating the rolling of leukocytes onto endothelium. This interaction is mediated by P-selectin ligand expressed on lymphocytes (PSGL1). PSGL1 protein is expressed by all T cells; however, the affinity to bind its ligand is determined by the degree of glycosylation [27] . Therefore, platelets bound to inflammatory cells play a crucial role in recruiting them to inflamed tissues. In mice, CD62P
þ activated platelets mediate adhesion of lymphocytes to endothelium leading to recruitment of T cells to the place of injury [28] .
The interaction between the coagulation system and the immune system is critical for host defense. In HIV infection, ongoing activation of these pathways is associated with increases in serious non-AIDS events by mechanisms that are poorly understood. In the present manuscript, we investigated the relationships between Tcell immune activation, coagulation and inflammation in HIV-infected patients with suppressed viremia to less than 40 copies/ml by cART. We hypothesized that activated T cells can form conjugates with platelets, which may contribute to the increases in coagulation/inflammation observed in these patients.
Materials and methods

Patients and healthy volunteers
Patients and healthy controls were obtained under NIAID Institutional Review Board approved clinical research study protocols in the NIAID/CCMD intramural programme and supplied written informed consent for use of their blood. Samples from healthy controls were obtained from the NIH Blood Bank. HIV-infected patients with suppressed viremia to less than 40 copes/ml were obtained from the NIH Clinical Center (Supplementary data, Table S1 , S3 and S4, http://links.lww. com/QAD/A696).
Platelet-T-cell conjugates analysis
Platelet-T-cell conjugates, recombinant CD62P-Fc binding and thrombin stimulations were analysed by flow cytometry. T-cell conjugates were imaged by Amnis and scanning electron microscopy as described at Supplementary Materials and Methods, http://links.lww. com/QAD/A696.
Statistical analysis method
Described in supplementary Material and Methods, http://links.lww.com/QAD/A696, statistically significant differences were considered to be those whose P value was less than 0.05.
Results
CD4
R and CD8 R T-cell subsets with memory phenotypes show high affinity binding to CD62P Selectins are involved in the trafficking of T lymphocytes, and the interaction of selectins with their ligands mediates rolling of lymphocytes on the endothelium. In circulation, platelets are the main source of CD62P, a selectin expressed upon activation. T cells express PSGL1 protein; however, the binding affinity for its ligand is determined by the degree of glycosylation of PSGL1 [27] . To directly analyse the contribution of CD62P to platelet-T-cell interactions, we performed a functional staining using recombinant CD62P-Fc fusion protein. CD4 þ and CD8 þ T-cell subsets from healthy controls (n ¼ 13) and HIV-infected patients with suppressed viremia to less than 40 copies/ml (n ¼ 18, Supplementary Table S1, http:// links.lww.com/QAD/A696) showed similar protein expression levels of PSGL1 ( Figure S1 ). In contrast, recombinant P selectin bound with higher affinity to CD4 þ and CD8 þ T-cell subsets with memory phenotypes (Fig. 1b, c) . This interaction was ion dependent, as incubation in the presence of EDTA inhibited CD62P-Fc binding (Fig. 1c) . In addition, a higher binding for CD62P was observed on CD4 þ and CD8
, although the proportion of these cells in treated HIV-infected patients was low ( Figure S1 , Supplementary Table S1, http://links.lww.-com/QAD/A696). These data suggest that CD4 þ and CD8 þ T cells with memory phenotypes express a high affinity ligand for CD62P and potentially can bind to CD62P expressing platelets.
Presence of activated platelet-T-cell conjugates in the peripheral blood of HIV-infected patients We next looked ex vivo for the presence of platelet-CD4 þ T and CD8 þ T-cell conjugates in whole blood from 20 patients with chronic HIV infection and successfully suppressed viremia to less than 40 copies/ml for more than 15 months and 23 healthy controls (HC1) (Supplementary Table S1 , http://links.lww.com/QAD/ A696). To examine only those platelets bound to T cells, we used a gating strategy to exclude the free/unbound platelets using a specific platelet receptor glycoprotein Ib
þ and CD8 þ T-cell subsets were identified using cell surface markers CD45RA and CD27 (Fig. 2b ) and the frequency of platelet-T-cell conjugates were determined by those T-cell subsets expressing the platelet receptor CD42b
The median proportion of CD4 þ T cells that had bound platelets was 7.3% [interquartile range (IQR) 4.5-10] in the HIV-infected patients compared with 4.0% (IQR 3.8-6.3) in healthy controls. The CD8 þ T cells from HIV-infected patients showed 8.2% (IQR 5.5-11.6) compared with 6.3% (IQR 4.8-7.4) in healthy controls. A significantly higher proportion of bound platelets were observed in CD4 þ and CD8
þ T-cell subsets with more differentiated phenotypes than their naive counterparts (P < 0.001) (Fig. 2b ).
We next investigated the activation status of the bound platelets by analysing the surface expression of P-selectin (CD62P). CD62P is stored in the alpha-granules of platelets under steady-state conditions and is expressed on their surface or released as a soluble form (sCD62P) upon platelet activation. HIV-infected patients showed a 2.5 and 1.6 higher proportions of activated platelets (CD42b
þ and CD8 þ total T cells, respectively, when compared with the platelets bound to T cells from healthy controls (Fig. 2c ). In addition, CD4 þ and CD8 þ T cells from HIV-infected patients showed a significantly increased proportion of T cells expressing CD42b -
CD62P
þ likely corresponding to bound sCD62P ( Fig. 2c ), when compared with healthy controls (P < 0.001). In contrast, similar proportions of CD42b þ CD62P -bound CD4 þ and CD8 þ T-cell subsets were observed in both groups (Fig. 2c ). Other subsets of leukocytes in the blood of HIV-infected patients showed an increased proportion of bound activated platelets to CD3-negative lymphocytes. In cells with higher forward side scatter (FSC) and side scatter (SSC) (likely monocytes), there was a trend that did not reach statistical significance (Supplementary Figure S2 , http://links.lww.com/QAD/ A696). In addition, free/unbound-circulating platelets of HIV-infected patients showed a significantly increased proportion (median 16%, IQR 12-21) of activated phenotype (CD42b þ CD62P þ ) when compared with healthy controls (median 11%, . In addition, the proportion of activated circulating platelets (free/ unbound) in HIV-infected patients, but not in healthy controls, was positively associated with the proportion of activated bound platelets on CD4 þ and CD8 þ T-cell subsets CD62P-Fc þ in the presence and absence of EDTA from healthy controls (n ¼ 13, black symbols) and HIV-infected patients (n ¼ 18, red symbols). Paired Wilcoxon test was used for comparisons between binding IgG control, CD62P-Fc and CD62P-Fc in the presence of EDTA; P < 0.05 was considered significant. HC (n = 23) HIV + (n = 20) P = 0.003 P = 0.002 P = 0.003 P = 0.034 P = 0.034 P = 0.001 P = 0.009 P = 0.008 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 þ and platelet-CD8 þ T-cell subset conjugates in healthy control (black symbol) and HIV-infected patient (red symbol) groups. Mann-Whitney test was used for the group comparisons: P < 0.05 was considered significant.
We next analysed the association between activated platelet-CD4 þ and platelet-CD8 þ T-cell conjugates with the serum levels of D-dimer (Supplementary Figure  S3B , http://links.lww.com/QAD/A696). D-dimer serum levels correlated with the frequency of activated platelet-CD4 þ (R ¼ 0.56, P ¼ 0.015) and platelet-CD8 þ T-cell conjugates (R ¼ 0.52, P ¼ 0.023) (Supplementary Figure  S3B and Table S2 , http://links.lww.com/QAD/A696). This association was not observed in healthy controls (group HC1, Table S2 ). Because aspirin's mode of action targets platelet function, when three HIV patients under aspirin treatment were removed from the analysis, the association between activated platelet-CD4 þ (R ¼ 0.68, P ¼ 0.007) and platelet-CD8 þ T-cell conjugates (R ¼ 0.62, P ¼ 0.013) with serum levels of D-dimer remained significant. In addition, D-dimer serum levels were directly associated with the proportion of free/ unbound activated (CD42b þ CD62P þ ) platelets (R ¼ 0.51, P ¼ 0.026) and similarly, as above, when patients taking aspirin were excluded from the analysis, the association remained significant (R ¼ 0.68, P ¼ 0.007). As platelet activation could induce release of sCD62P, we measured serum levels of sCD62P. We found that the proportion of CD62P þ CD4 þ T cells was positively associated with its serum levels (R ¼ 0.54, P ¼ 0.031), in contrast, this was not observed in CD8 þ T cells. Such associations were not observed in the healthy controls (data not shown). We next examined a second cohort of healthy controls (HC2, Supplementary Table S1, and Figure S4 , http://links.lww.com/QAD/A696); of note, this group had higher serum levels of D-dimer than HC1. In this group, D-dimer serum levels were not associated with the proportion of activated platelets (free/unbound or those forming conjugates, supplementary Table S2 , http:// links.lww.com/QAD/A696). These data suggest that chronic HIV infection may contribute to maintaining higher levels of platelet activation promoting formation of conjugates with T cells. In addition, no association was observed with T-cell activation (
þ and CD8 þ cell counts with either CD42b þ CD62P þ platelets both unbound/free or forming conjugates in both healthy controls and HIV-infected patients (Supplementary Table S2 , http://links.lww.com/ QAD/A696).
These data suggest that, in vivo, patients with HIV infection have an increased proportion of activated circulating platelets and an increased proportion of activated platelet-T-cell conjugates that are positively associated with serum levels of D-dimer.
Thrombin-activated platelets showed increased binding ability to memory phenotype CD4
R and CD8 R T-cell subsets Tissue damage induced by trauma or infection leads to a cascade of events including the generation of thrombin and activation of platelets. CD62P expression upon platelet activation bridges the endothelium and circulating leukocytes through its interaction with CD62P-ligand in both cells. Thus, platelets play a critical role in the recruitment of cells to sites of injury.
To address whether upon activation platelets can form conjugates with T cells, we analysed the ability of platelets to bind T cells after in-vitro thrombin stimulation in healthy controls (n ¼ 8) and HIV-infected patients (n ¼ 8) presented in Figs. 3 and 4 . PBMCs isolated by Ficoll gradient already contain considerable numbers of free/ unbound platelets (Fig. 3a) , therefore we stimulated freshly isolated PBMCs with 50 U/ml of thrombin for 5 and 15 min and measured the expression of CD62P and CD42b on CD4 þ (Fig. 3 ) and on CD8 þ (Fig. 4) T-cell subsets. As thrombin stimulation induces downregulation of CD42b on platelets, we gated on the total CD62P to account for platelets CD42b low [29] . Thrombin stimulation significantly increased the proportion of CD62P þ T cells. CD4 þ T-cell memory and memory/effector phenotypes exhibited high levels of CD62P þ indicating preferential binding of activated platelets to these subsets (Fig. 3b) . Similarly, CD8
þ T cells showed an increase in CD62P þ cells following thrombin stimulation. This was most notable in those subsets with a more differentiated phenotype (Fig. 4) . Interestingly, CD4
þ and CD8 þ T cells subsets from HIV-infected patients tended to show lower expression of CD62P þ than healthy controls after thrombin stimulation. This could reflect a higher in-vivo activation state of platelets in HIV-infected patients. These results suggest that thrombin-induced platelet activation enhanced platelet-CD4 þ and platelet-CD8 þ T-cell conjugate formation particularly with memory, memory/effector and TEM phenotype subsets. This mechanism may represent an early step in the recruitment of antigen specific T cells to the site of injury.
In-vitro thrombin stimulation enhances formation of platelet-CD4 R and platelet-CD8 R
T-cell conjugates
To directly visualize whether thrombin activation of platelets leads to an increase in platelet binding to T lymphocytes, we used an image stream technology that combined high-resolution microscopy in flow ( trend was observed in the HIV patients (Fig. 5b) . The fraction of CD42b þ
CD62P
-bound platelets to T cells observed in the PBMCs cultured in media (Supplementary Figure S5A , http://links.lww.com/QAD/ A696, orange gate) was significantly reduced in both CD4 þ (P ¼ 0.004) and CD8 þ T cells (P ¼ 0.002) after thrombin stimulation in healthy controls but did not reach significance in HIV-infected patients (data not shown). These observations suggest that the platelets bound to lymphocytes in steady-state conditions are able to respond to thrombin stimulation.
We next tested whether sorted memory CD8 þ T cells cocultured with platelets (1 : 1 ratio) were able to form conjugates and the role of thrombin activation in this process using a direct visualization by scanning electron microscopy (Fig. 5c) . We found that thrombin-activated platelets underwent a drastic change in shape (right lower panel, Fig. 5c ). In addition, several activated platelets were able to bind an individual memory CD8 þ T cells (right upper panel, Fig. 5c ).
These data suggest that, in vivo, thrombin-induced platelet activation enhances the recruitment of memory T cells to the place of injury and thus platelets act as 'lymphocyte chaperone'. These results support a mechanism in which in-vivo circulating platelet-lymphocyte conjugates can facilitate migration of memory CD8 þ T cells to the place of tissue insult.
Discussion
Patients with HIV infection, despite virologic suppression, are at an increased risk of developing serious non-AIDS defining illnesses. The risk of developing these complications is associated with elevated serum biomarkers of coagulation/inflammation such as D-dimer and IL-6 [6, 30, 31] . The mechanisms by which HIV infection maintains higher levels of coagulation/inflammation are not totally understood. In the present manuscript, we investigated the interaction between a component of the coagulation system, platelets and the adaptive immune system, T cells. We found that platelets can form conjugates with T cells in peripheral blood from healthy controls and HIV-infected patients. Platelets bound preferentially to those subsets of CD4 þ and CD8 þ T cells that had a more differentiated phenotype (memory, memory/effector and TEM). In contrast to healthy controls, HIV-infected patients showed an increase in the proportion of T cells that formed conjugates with activated platelets.
Platelets play a role in very early steps of response to an injury by trauma or infection. Their high numbers in circulation compared with that of circulating leukocytes and their ability to release mediators (pro-inflammatory and anti-inflammatory) stored in specialized secretory granules suggest that platelets are critical players in the early phase of the host response [32, 33] . Platelets are known to be involved in functions beyond haemostasis and have been identified as regulators of both innate and adaptive immune systems [34] [35] [36] . In the immune system, one of these functions is to promote trafficking of immune cells into injured tissues by upregulation of CD62P leading to enhanced rolling of leukocytes along vascular endothelium. Thus, activated platelets mediate the interaction between the endothelium and circulating immune cells and can participate in the pathology of the disease during chronic inflammatory conditions such as atherosclerosis, sepsis and rheumatoid arthritis [37] [38] [39] . Interestingly, circulating platelet-monocytes conjugates have been found to be a clinical predictor of myocardial infarction [21, 40] . During HIV/SIV infection, circulating platelet-monocyte conjugates have been observed. Platelet-monocyte complexes have been suggested to play a role in the thrombocytopenia observed during acute SIV infection in Pig-tailed Macaques [25] .
Upon activation, platelets can shed PMP, which are small fragments (size 0.1-1 mm) of plasma membrane. PMP express receptors and cytoplasmic contents, which have been suggested to function as a transcellular delivery system [41, 42] . An increased proportion of activated platelets and PMP have been observed in some patients during HIV infection [15] . In addition, circulating platelet-monocyte complexes in patients with HIV infection have been proposed to play a role in neuroinflammation [13, 43] . Platelet-monocyte complexes may mediate adherence to the brain microvascular endothelial cells promoting extravasation of plateletmonocytes complexes in the central nervous system (CNS) of HIV-infected patients with associated encephalitis [43] . Our data support a model in which platelets can also mediate the trafficking of cells of the adaptive immune system. In the context of HIV infection, the increased proportion of activated platelets-T-cell conjugate suggest that these cells are more prone to traffic into inflamed tissues harbouring HIV replication. In the present study, activation of platelets by thrombin led to enhanced formation of platelet-T-cell conjugates and this interaction was mediated at least in part by CD62P. Interestingly, HIV-infected patients tended to show lower upregulation of CD62P þ than healthy controls after thrombin stimulation; this could reflect the in-vivo activation status of HIV-infected patients [14] . It is possible that these activated platelets-T-cell conjugates represent a fraction of more easily recruited cells from the adaptive immune system into peripheral tissues. Although all T-cell subsets express CD62P ligand (PSGL1), the binding affinity of this interaction is determined by the proper glycosylation of PSGL1, which is mediated by glycosytransferases and tyrosine sulphotransferases. The expression of these enzymes is inducible and regulated during T-cell activation [27, 44, 45] . Accordantly, we found that those subsets with memory, memory/effector and TEM phenotype had higher affinity for recombinant CD62P-Fc than naive T cells, suggesting that these subsets may express the enzymes involved in the glycosylation of PSGL1. In addition, CD4 þ and CD8 þ T-cell expressing the activation markers HLADR þ CD38 þ showed higher affinity for CD62P binding. The higher level of immune activation (HLADR
þ T and CD4 þ T cells during chronic HIV infection may enhance the formation of these conjugates and in doing so maintain a state of inflammation by increasing T-cell trafficking through inflamed tissues. It is still to be determined whether this pathway regulates in-situ T-cell function, as has been suggested in patients with rheumatoid arthritis, leading to inefficient viral elimination and perpetuating inflammation [18] . In addition, one could consider that recruitment of memory CD4
þ T cells to places of 'ongoing viral replication' might perpetuate continuous inflammation and facilitate infection of CD4 þ T cells. Therefore, it is important to better understand the ways in which platelets can modulate T-cell function.
The present findings propose a link between an arm of the adaptive immune system (T cells) and the coagulation system (platelets). This interface may play an important role in host defense and in the chronic inflammatory diseases associated with HIV infection. Studies designed to block platelet activation may provide insights about the in-vivo mechanisms maintaining higher levels of coagulation/inflammation in these patients.
